Adduct compounds of the general composition (MCl 5 ) 2 (β -P 4 Ch 4 ), M = Nb, Ta and Ch = S, Se, were obtained from solutions of M 2 Cl 10 and P 4 Ch 3 in CS 2 / n-hexane. The compounds are isotypic with (NbCl 5 ) 2 (β -P 4 S 4 ), crystallizing in the monoclinic space group P 2 1 /n (no. 14) with Z = 4. The lattice constants are a = 6.304 (2) 
Introduction
Most phosphorus chalcogenides consist of single cage-like molecules. Among these, P 4 S 3 and P 4 Se 3 show the lowest content of chalcogen. They can be produced very easily, and their chemistry -especially their coordination chemistry -is well-investigated [1] .
By contrast, the cages of β -P 4 S 4 and β -P 4 Se 4 still could not be crystallized as binary phases; they have only been characterized via solution NMR spectroscopy. There is experimental evidence that these molecules either decompose upon heating or even in solution (β -P 4 S 4 ) [2] or polymerize forming chains of catenated molecules (β -P 4 Se 4 ) [3 -5] . However, these β -P 4 Ch 4 phosphorus chalcogenide cages can be found in several quaternary adduct compounds, such as (CuI) 3 (β -P 4 Se 4 ) [6] , (CuI) 3 (β -P 4 S 4 ) [7] , (CuBr) 3 (β -P 4 Se 4 ) [8] , and (NbCl 5 ) 2 (β -P 4 S 4 ) [9] , where metal atoms are coordinated to phosphorus atoms of the cages.
In the last decades, particularly Blachnik and co-workers contributed to the understanding of the chemistry of phosphorus chalcogenides. Starting from the results of their investigations on derivatives and adducts of these compounds, the behavior of related 0932-0776 / 09 / 0100-0058 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com phosphorus cages towards d 0 metal halides are now to be examined in detail.
First experiments with P 4 S 10 , a cage compound with phosphorus totally saturated by sulfur, led to products of the type (M 2 Cl 10 )(P 4 S 10 ) 2 , M = Nb, Ta [10] . Subsequently, the reaction of P 4 S 3 and P 4 Se 3 with M 2 Cl 10 , as described in ref. [9] , was looked at more closely. First results of these investigations -the formation and crystal structures of (TaCl 5 ) 2 (β -P 4 S 4 ), (TaCl 5 ) 2 (β -P 4 -Se 4 ) and (NbCl 5 ) 2 (β -P 4 Se 4 ), which are isotypic with (NbCl 5 ) 2 (β -P 4 S 4 ) [9] -are reported here. The characterization of adduct compounds of sulfur-rich cages with MCl 5 (M = Nb, Ta) is described in ref. [11] .
Experimental Section

Synthesis
The phosphorus chalcogenides P 4 Ch 3 were prepared beforehand from the elements at 300 • C and subsequently recrystallized from CS 2 (P: Hoechst, ultra-high grade; S: Alfa Aesar, 99.9995 %; Se: Alfa Aesar, 99.999+ %; CS 2 : Aldrich, > 99 %, distilled over P 4 O 10 ). Phosphorus and sulfur were heated in 1 : 1 ratio to 330 • C and then rapidly cooled down to ambient temperature to obtain a solidified melt which is a mixture of different phosphorus sulfides [12, 13] . 
In a typical reaction, about 1 mmol P 4 Ch 3 and 1 mmol M 2 Cl 10 were filled into a Schlenk flask (Nb 2 Cl 10 , Ta 2 Cl 10 : H. C. Starck, ultra-high grade). About 2 mL of CS 2 was added and covered with 1.5 mL of n-hexane (Alfa Aesar, 99 %, dried). Columnar, intensely colored crystals grew within several days [(TaCl 5 ) 2 (β -P 4 S 4 ): bright greenish yellow; (TaCl 5 ) 2 (β -P 4 Se 4 ): yellow; (NbCl 5 ) 2 (β -P 4 S 4 ): orange; (NbCl 5 ) 2 (β -P 4 Se 4 ): dark red]. These crystals are sensitive to moisture and therefore must be handled under inert conditions.
The products could not be obtained free of byproducts due to the preparation procedure (see above) and the difficulty of preparing single-phased β -P 4 Ch 4 [2, 14, 15] . Other solvents or mixtures of solvents showed to be not as suitable for the formation of these adducts as the solvent combination described. Apparently, the highly different solubilities of the reactants in CS 2 and in n-hexane are important for crystallization. Furthermore, CS 2 is supposed to form adducts with the metal halides M 2 Cl 10 [16] giving mono-or bidentate complexes of MCl 5 units which may result in a better accessibility of the metal atoms for coordination by other ligands as compared to the dimeric molecules.
Similar experiments with other halides such as MBr 5 emphasized their increased sensitivity towards reducing agents like phosphorus chalcogenides. The formation of, e. g., MBr 4 , P 4 Ch 3 Br 2 and PBr 3 is observed.
Crystal structure determination
Single-crystal X-ray structure analysis was performed using suitable crystals of the adducts. Data were collected on a Stoe IPDS-I or on a Stoe IPDS-II imaging plate diffractometer. Crystallographic data are summarized in Table 1 . Data were numerically corrected for absorption after refinement of a description of the crystal shape with the X-SHAPE program suite [17, 18] . Direct Methods revealed the positions of the atoms which were then subsequently refined including anisotropic displacement parameters for all atoms [19] (Tables 2 -4) . A re-determination of the crystal structure of (NbCl 5 ) 2 (β -P 4 S 4 ) [9] was also performed for a better comparability of the data (see below).
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizinformationsdienste.de/en/DB/icsd/depot anforderung.html) on quoting the deposition numbers CSD-420094 ((TaCl 5 ) 2 -(β -P 4 S 4 )), CSD-420093 ((TaCl 5 ) 2 (β -P 4 Se 4 )), CSD-420095 ((NbCl 5 ) 2 (β -P 4 Se 4 )), and CSD-420096 (redetermination of (NbCl 5 ) 2 (β -P 4 S 4 )).
Results and Discussion
Crystals of (MCl 5 ) 2 (β -P 4 Ch 4 ), M = Nb, Ta and Ch = S, Se, can be obtained from solutions of P 4 Ch 3 (only with niobium) or a phosphorus sulfide mixture and the metal halides in CS 2 / n-hexane. The mechanism of this adduct formation is still unknown [9] . In the case of the niobium-containing adducts, presumably the reduction of the metal from Nb(V) to Nb(IV) and an oxidative chlorination of phosphorus are involved (see also ref. [20] ), this view being supported by 31 P NMR signals of by-products such as PCl 3 and α-P 4 Ch 3 Cl 2 in the reaction solution. As already stated [9] , there is no evidence for the existence of free β -P 4 Ch 4 molecules in solution.
Crystals of the four compounds (NbCl 5 ) 2 (β -P 4 S 4 ), (TaCl 5 ) 2 (β -P 4 S 4 ), (TaCl 5 ) 2 (β -P 4 Se 4 ) and (NbCl 5 ) 2 (β -P 4 Se 4 ) are isotypic and contain separated molecules, which consist of two MCl 5 units linked to a β -P 4 Ch 4 cage via two basal P atoms (Fig. 1) .
These central cages can formally be derived from the structure of a P 4 tetrahedron by first inserting chalcogen atoms into all three bonds of one phospho- Fig. 1 . Molecular structure of (TaCl 5 ) 2 (β -P 4 S 4 ) in the crystal (ellipsoids enclose 70 % probability for atomic displacement).
rus atom. The P 4 Ch 3 molecule thus obtained features one apical and three basal phosphorus atoms. Secondly a fourth chalcogen atom is inserted into the P 3 basis of the molecule, leading to the β -type cage of P 4 Ch 4 . Two stereochemically identical phosphorus atoms are present which are both connected to the metal atoms of the MCl 5 units. Considering the resulting coordination sphere of niobium and tantalum, five chlorine atoms and a phosphorus atom form distorted octahedra around the metal atoms. Thus, the dimeric M 2 Cl 10 molecules are split up into MCl 5 monomers, and the free coordination site at the metal atom is occupied by phosphorus which is acting as an electron pair donor towards the d 0 metal chloride Lewis acid. The coordination could possibly also take place via the apical Fig. 2 . Projection of the crystal structure of (TaCl 5 ) 2 (β -P 4 -S 4 ) in (100) (above) and (010) (below). Black: phosphorus; white: sulfur; grey: chlorine; dark grey: tantalum. Above: Molecules with atoms highlighted with a thicker outline are shifted by +1/2 in a compared to other molecules. Below: The stacking of layers of molecules is shown. phosphorus atom, the third basal phosphorus atom or even the chalcogen atoms present, but neither of these alternatives could be observed so far. For a discussion, see also [11] .
The maximum molecular symmetry (C s ) is not preserved in the crystal structure due to the packing of the molecules in the crystal. The molecules show a slightly curved shape allowing them to be packed most favorably forming layers with a "herring bone" pattern parallel to the (101) plane (Fig. 2) . By this means rather short intermolecular distances between chalcogen atoms and chlorine atoms result in [010] as described in ref. Bond lengths and bond angles of the niobium-compared to the tantalum-containing compounds are equal within the triple standard deviations, see Tables 5 -7 . Going from the sulfur-to the selenium-containing compounds, the central cage expands, but the orientational shift of the adduct molecules is negligible (Fig. 3) . Since crystallographic data of the β -type of P 4 Ch 4 molecules are not available to date, a comparison of the naked β -P 4 Ch 4 cages with MCl 5 -linked cages is not possible though it might be especially interesting to examine in which way the cage structures change upon metal halide addition. Compared to other metal halide-containing compounds such as (CuI) 3 (β -P 4 Se 4 ) [6] , in (MCl 5 ) 2 (β -P 4 Se 4 ) the bond lengths P(1)-Se (14) and P(2)-Se(24) are shortened, whereas the bonds P(4)-Se (14) , P(4)-Se(24) and P(4)-Se(34) are clearly elongated. In the analogous sulfur-containing compounds, only the P-S bond lengths of the apical phosphorus atom change significantly from about 2.10Å in (CuI) 3 (β -P 4 S 4 ) [7] to about 2.13Å in (MCl 5 ) 2 (β -P 4 S 4 ). This certainly has to be attributed to the different coordination of the cages to copper, niobium and tantalum, respectively. In (CuI) 3 (β -P 4 Ch 4 ) two basal phosphorus atoms and the apical phosphorus atom are bonded to copper, whereas in (MCl 5 ) 2 (β -P 4 Ch 4 ) only two basal phosphorus atoms are coordinating to niobium or tantalum. The formation of the dative bond to the metal d 0 atoms seems to weaken the basicity of the apical phosphorus atom in particular. Sterical hindrance by the bulky MCl 5 moieties has also to be taken into account when discussing possible reasons for this systematic difference between the d 10 and the d 0 metal adducts.
